Miniature coils for magnetic resonance imaging and spectroscopy are demonstrated. A rectangular Helmholtz arrangement based on a pair of substrates separated by spherical alignment spacers is investigated. An optimal geometry is developed using simple theory and verified by numerical analysis. Prototypes are fabricated using silicon substrates shaped by anisotropic etching to form a trough to hold an internal sample and pits for use as alignment features, and carrying Cu/Au conductors fabricated by electroplating. Q values of 11 are obtained, and devices containing an internal proton source are developed for use as fiducial markers in 1 H magnetic resonance imaging at 1.5 T. Magnetic resonance spectroscopy is also performed on the internal source, with a SNR of ≈85.
Introduction
Miniature radiofrequency (RF) coils have a variety of applications in magnetic resonance imaging (MRI) and spectroscopy (MRS). While they might appear useful only for chemical analysis of very small (nanolitre) volumes [1] [2] [3] , they are increasingly used in human and animal studies. They have been used as fiducials to locate catheters [4, 5] and endoscopes [6] , and also to obtain images from localized regions of tissue, aiming at micron-scale resolution [7] . Another potential application is the spectroscopic evaluation of biopsy samples. Because devices are often single use, lowcost implementations are needed.
Two main strategies are adopted in the use of in vivo coils. Most early designs were connected conventionally with wires. This approach raises safety issues [8] , though these are not considered here. The alternative is to couple to a small tuned resonator using a much larger remotely located coil. Normally, both the exciting RF field, and the signal detected by the coil, are coupled in this way [9] . Here we consider directly coupled devices. To obtain a high signal-to-noise ratio, a large Q factor and a self-resonant frequency far above the operating frequency are required. Planar spiral [10, 11] and solenoidal [12] [13] [14] micro-coils have been the subject of careful design optimization for MR use. Early devices were constructed by conventional coil winding, and photolithography and electroplating were then adopted for planar coil fabrication. More recently, microelectro-mechanical systems (MEMS) technologies have been explored, since the wide range of available methods allows 3D coil arrangements with high quality factors to be formed at low cost, and integrated with the other features. For example, spiral [15, 16] , meander [17] and solenoidal [18] microcoils have been demonstrated, typically by multilayer lithography of thick photoresist. However, a method of microfabricating copper coils on capillaries by contact printing has also been developed [19] . Several methods have been developed to improve performance on semiconducting substrates, including suspended coils [20] and self-assembly of 3D structures by surface tension forces [21] or stress [22, 23] . Planar coils have been demonstrated in MR applications [24] [25] [26] and have been combined with microfluidic systems, for example, for MR spectroscopy in capillary electrophoresis [27, 28] . Attention is increasingly being devoted to implantable types [29] [30] [31] .
While a particularly exciting potential application is the guidance of interventional devices, this requires the solution of two major technical problems. The first is to fabricate devices that can pass through the bore of typical cannulae (1-2 mm diameter), while the second is to protect the device with a biocompatible coating. However, progress continues to be made [4-6, 32, 33] . Note that while fiducial coils are normally designed to incorporate a source of NMR signal, all coils can be sensitive to both internal and external signal sources.
Here we demonstrate for the first time the construction and operation of Helmholtz coils (which consists of two parallel coils separated by an optimized distance) using MEMS technology [34] . Helmholtz coils have so far received limited attention in MR (see e.g. [35] ), but have the advantage of increased inductance, and allow a uniform field to be created over a large sample volume. Using silicon MEMS, features may be incorporated to position the internal samples needed in fiducials, and there is the possibility of co-integration with other coils. In section 2, we first propose a rectangular Helmholtz geometry based on a simple two-dimensional model. We then outline a novel arrangement based on parallel substrates carrying electroplated coils. Anisotropic etching of single crystal silicon is used to form locating features for conducting spheres, which link the two windings and allow the rigid self-aligned assembly needed to obtain suitable precision and reliability. We then verify the likely performance using a 3D numerical model. In section 3, we describe the fabrication of prototype coils and present the results of electrical and MR experiments. Imaging and spectroscopic measurement of the internal source are both demonstrated, and in each case good performance is obtained. Conclusions are drawn in section 4.
Design
In this section, we first present a two-dimensional (2D) model of a rectangular Helmholtz coil using standard analysis, and outline a MEMS construction capable of realizing the correct geometry. We then consider performance implications using a simple equivalent circuit and verify the design using a 3D finite element simulation.
Analytic model
The upper diagram in figure 1(a) shows the assumed geometry, described in passing in [35] . The geometry consists of two long, thin parallel rectangular coils with in-plane conductor separation 2S y separated by a distance 2S z . The coils are connected in series and carry a current I. Here, we concentrate on single-turn coils, but the arrangement allows multi-turn coils without significant modification, as shown in the lower diagram.
The initial design task is to choose the ratio 2S z /S y so that the magnetic field component H z is uniform for the greatest distance in the z-direction. We assume that the 2D field model in figure 2(a) gives a reasonable approximation for a long coil. In this case, the field can be found from Ampere's law, summing contributions H i from the four conductors (see e.g. [37] ). The total vertical field is H z = H iz and the centreline value is:
Differentiating equation (1), we obtain:
The second derivative is zero when S z = S y / √ 3. This ratio agrees with results in [36] , and differs slightly from the classical result for circular coils, namely that the coil spacing should equal the radius. The vertical magnetic field at the centre of the structure is then
This value represents an increase of 1.5 on the field at the centre of a single coil. Figure 2 (b) shows the variation of the field H z with distance z/S y from the coil centre. The fields of the separate coils are shown, together with their sum, and are normalized to the peak field of a single coil. The total field is uniform near z = 0. Slightly different values of S z /S y yield similar results, which implies that the geometry is tolerant to dimensional variations.
MEMS coil geometry
The second task is to develop a process capable of realizing the geometry above. Here we propose the self-aligning assembly shown in figure 3 (a). The Helmholtz arrangement is achieved using two anisotropically etched, oxidized silicon substrates carrying electroplated conductors. Anisotropic etching of (1 0 0 substrates are held at the correct separation using spherical metal beads, which are soldered into etched pits and link the conductors in a continuous winding. The beads make a tangent contact to the pits, and a trough is provided between the conductors to contain a sample.
The minimum pit size (and hence the minimum capacitance to the substrate) is obtained when tangent contact is just lost. This occurs when S z = r cos(θ), where r is the bead radius and the angle θ = cos −1 (1/ √ 3) for (1 1 1) crystal planes on a (1 0 0) substrate. The vertical separation of the conductors is 2S z = 2r/ √ 3, so the Helmholtz arrangement is achieved when r = S y , i.e. when the spacer bead diameter equals the in-plane conductor separation. This is a particularly simple result, suggesting that (for example) in-plane conductor separations of 2S y = 1.0 mm may be achieved using 1.0 mm diameter metal spheres, which are commercially available. With these parameters, the substrates will be spaced 2S z = 577.3 µm apart. The square opening defining each alignment pit then has sides of length 2w = 2r sin(θ) = 2S y √ (2/3). For 1.0 mm in-plane conductor spacing, we obtain 2w = 816.5 µm. The depth to which each pit must be etched to seat the spheres is d = r{1 -cos(θ)}, or 211.3 µm. This depth may be reached in 500 µm thick Si wafers without inducing fragility.
Figure 3(b) shows the layout of the dies in a MEMS Helmholtz coil with 2S y = 1 mm. The coil surrounds a 5 mm × 1 mm etched trough, and passes through metallized pits that allow solder attachment of the linking spheres. Three spheres are required to complete the assembly; two carry connections, while the third provides alignment. Six alignment pits are provided here, to allow operation in an alternative mode. The assembly requires two similar substrates, the upper substrate being shortened to allow wire bonding.
Equivalent circuit
The operating frequency f 0 for 1 H MR scales linearly with flux at 42.57 MHz T −1 . In a 1.5 T system (for example) f 0 = 63.5 MHz. At this low frequency, transmission line effects may be ignored and the device represented using the simple lumped element equivalent circuit of figure 1(b). The coil is split in two, each half being represented as a lossy inductor of inductance L and resistance R, and capacitatively coupled to a lossy substrate. The capacitance of each line to the substrate is C S , and the substrate resistance is R S . Additional bond wires are represented by L B and by R B . In this case, the impedance is
Equation (4) implies that there will be a substrate resonance at a frequency f S = 1/2π √ (LC S /2). To place this resonance well above f 0 , the oxide thickness should be large, and to damp it the substrate resistivity should be high.
The inductance L may be estimated as follows. The inductance of a length l of a two-wire transmission line formed from two cylindrical wires of radius a and separation 2S y is [38] :
Here, the second term in the central bracket arises from the internal inductance. In a 4-wire arrangement formed from pairs of wires separated by a distance 2S z , a term describing the mutual inductance between the pairs should be added. The result is
Assuming the optimized ratio S y = √ 3S z found above, equation (6) reduces to
Assuming further that 2S y = 1.0 mm and a = 25 µm (say), we can see that log e (2S y /a) + 1/4 ≈ 4, while (1/2) log e (4) ≈ 0. above 16 µm, skin effects will be unimportant at this operating frequency. The series resistance can be found by assuming that the conductors are rectangular and of width w m and thickness t m , as R = {2ρ m /(w m × t m )} × l. Assuming that w m = 100 µm and t m = 12 µm, we get R = 0.143 , so the total series resistance is R T = 2R = 0.28 . Additional losses will be encountered in the soldered connections.
The substrate capacitance can be found by assuming that the conductors form a parallel plate capacitor with the substrate, in which C S = (ε 0 ε r w m /t ox ) × l. Assuming that ε r = 4 for silica, and that w m = 100 µm and t ox = 4 µm, we get C S = 4.4 pF. The self-resonant frequency is then f s = 1.2 GHz, well above f 0 . Clearly, the lumped element model is inappropriate at this frequency, but the result is likely to be correct within an order of magnitude. The substrate resistance is roughly R S = ρ S × 2S y /(t s × l), where t s is the substrate thickness. If ρ S = 50 m (or 5000 cm), t s = 0.5 mm, 2S y = 1 mm and l = 5 mm we get R S = 20 k . The resonance is thus heavily damped.
Numerical model
Finally, we verify that the approach above will lead to a practical device when the true geometry and substrate are taken into account. 3D numerical models of both single and Helmholtz coils have been constructed using CST Microwave Studio [38, 39] and perfect boundary approximation (PBA R ) theory (CST, Darmstadt). The models describe accurately the silicon and silica components, a multilayer electroplated winding, the metallic beads and bonded connections to a PCB carrier consisting of copper conductors on an FR-4 substrate. Figure 4 The resistance and inductance of a single coil were calculated as 510 m and 15.8 nH at 63.5 MHz. Similarly, the resistance and inductance of a Helmholtz coil were estimated as R T = 930 m and L T = 33.6 nH. These values are somewhat higher than the simple estimates given earlier, but are clearly of similar magnitude. The inductance of the Helmholtz coil is just over twice that of the single turn coil. Figure 5 (a) shows the predicted variation of R T and X T in a Helmholtz coil with frequency. There are a number of resonances, of which the lowest order lies at around 1.1 GHz. Below this frequency, the behaviour is essentially inductive.
Higher-order resonances may be ascribed to other L-C resonances, for example due to the bond wires. Figure 5(b) shows the predicted variation of Q = X T /R T below the lowest resonance. The estimated value at 63.5 MHz is Q ≈ 12, and the Q factor peaks at around 36 at ≈450 MHz. These results suggest that reasonable performance should be achieved in a 1.5 T MR system.
Fabrication and test
In this section, we describe a simple process for device fabrication and present the results of electrical characterization and initial experiments in a magnetic resonance imaging system. 
Fabrication
We have developed a wafer scale process for device fabrication, based on 4 diameter, (1 0 0) oriented, intrinsic (>5000 cm) Si substrates. The main steps involved are shown in figure 6(a) . Two patterning steps are required, the first to define the etched features and the second the conductors. The second step must be carried out on a substrate that carries substantial topography, so that spin-coated photoresists cannot be used. The second patterning step was therefore carried out using an electro-deposited resist.
The substrates were first thermally oxidized to form an etch-resistant surface mask. Oxidation was carried out for 72 h at 1100
• C in dry O 2 , giving thickness of 1.3 µm. The wafer was then spin-coated in Shipley S1828 photoresist to a thickness of 5 µm, and the resist was baked at 100
• C, patterned using the topographic mask and developed in MF319 developer. The pattern was transferred into the oxide layer by reactive ion etching, using CHF 3 , O 2 and Ar gases at 200 W power and 30 mTorr pressure, and the resist was stripped. The wafer was then anisotropically etched [40] to form alignment features and sample troughs using potassium hydroxide (40% by weight, with 10% isopropanol added to inhibit the formation of micro-pyramids). Etching was performed at 80
• C, and carried out to a depth of 250 µm, which was sufficient to seat the 1 mm diameter linking spheres (1).
The oxide was then stripped, and the wafer was reoxidized by wet thermal oxidation at 1100
• C to form a 4 µm thick electrical isolation layer. The oxide was then annealed for 4 h in forming gas at 600
• C (2). Non-magnetic seed layers of Ti (250Å) and Cu (2000Å) were then deposited by RF sputtering in a Nordiko sputter coater. The terraced substrate was then coated in a thick layer of Shipley Eagle 2100 ED photoresist by electrodeposition [41] . The substrate was first cleaned in 10% H 2 SO 4 , and plating was carried out at 40
• C, 100 V using a stainless steel anode. The resist was then baked at 50
• C, patterned using the conductor mask, and developed using 5% developer. It was then baked again at 50
• C. Thick conductors (2 µm Au on 10 µm Cu) were then electroplated. Before each layer was plated, the substrate was cleaned again using 10% H 2 SO 4 . The Cu was deposited using plating solution from Technic Inc. and the Au using ECF 69 (Thiosulphate/Sulphite solution) plating solution from Metalor (3). The Eagle resist was then stripped using EC solvent, and exposed seed metal was removed by Ar sputter etching. Figure 6 (b) shows a completed wafer. The coil side of the wafer was then coated with photoresist, and the wafer was waxed to a glass plate and diced. Finally, the dies were separated and cleaned.
To assemble a Helmholtz coil, the lower die was mounted on a small PCB based on Cu tracks on a FR-4 substrate, and gold wirebond connections were made. Cu metal spheres of 1 mm diameter were then soldered into the alignment pits by reflow of In metal in an N 2 atmosphere. For electrical tests, the smaller upper die was shortened by cleaving and soldered in place using a similar process. For tests with an embedded sample, the upper die was attached by compression bonding (to avoid high temperatures) and the edges of the two substrates were then sealed with glue. Figure 7 (a) shows a die carrying electroplated conductors and solder-attached spheres. Figure 7 (b) shows a completed Helmholtz coil mounted on a supporting PCB with a tuning capacitor.
Electrical testing
Electrical performance was measured with an HP8753ES vector network analyser. Single coils had an inductance of 12 nH and a series resistance of ≈600 m at 63.5 MHz before bonding. The resistance gradually rose with frequency, in agreement with the numerical model. Similar results were obtained from Helmholtz coils assembled by soldering and by compression bonding. The coils had an inductance of ≈27 nH and a resistance of ≈1 at 63.5 MHz before wirebonding. After wirebonding to the PCB, the inductance rose to L T ≈ 32 nH and the resistance to R T ≈ 1.5 . The estimated capacitance required for resonance is then C = 1/{L T (2πf 0 ) 2 } ≈ 200 pF, and the estimated Q factor and impedance at resonance are Q = 2πf 0 L T /R T ≈ 8.5, and Z = L T /R T C ≈ 109 . Figure 8(a) shows the measured impedance variation. The resistance rises more rapidly than predicted by the model of the previous section, and the Q factor peaks at a lower frequency, just below 200 MHz. Figure 8(b) shows the impedance variation after configuration as a parallel resonator using a 220 pF capacitor. The experimental Q factor is ≈9 and the resonant shunt impedance is ≈110 . Small coils generally have a low Q factors, because of the relatively large contribution of interconnect resistances. In this case, the soldered connections between the substrates provide a further source of resistance.
With further attention to processing-clamping the substrates together after compression bonding, to avoid movement as the glued seal round the sample cures-measured Q factors have risen to 11, and it is likely that further improvements will be possible. Although the Q value is small, good signal-to-noise ratio (SNR) may still be obtained because of the high fill factor of the sample, which is located in the region of maximum sensitivity. Based on other experiments we have performed, larger Q factors (up to 15) are expected from multi-turn geometries, as shown in figure 1(a) .
A Q factor of 11 at 63.5 MHz is competitive with other miniature MR detectors. For example, a Q factor of 5.1 was measured using a solenoid formed from 15 turns of 20 µm dia wire wound round a 164 µm dia silica capillary at 85.13 MHz (i.e. for a 2 T field) [30] . Similarly, a Q factor of 10 was measured using a 4-turn planar coil measuring 1 mm × 500 µm on a silicon substrate, under the same conditions [31] . One of the best results is a Q factor of 24 for a coil on a glass substrate, measured at 300 MHz (i.e., in a 7 T field) [26] . 
Magnetic resonance imaging
MR imaging was demonstrated by placing a source of mobile protons in the sample volume. The material used was taken from a 'Spenco' dermal pad, a vinyl plastisol material from Spenco Healthcare International, Horsham, West Sussex, UK which has proved to be an effective signal source for use in fiducials. MR experiments were performed using a 1.5 T Siemens Magnetom Vision MRI system at the Royal Marsden Hospital, Sutton, UK (courtesy Dr David Collins and Prof. Martin Leach). MR images were acquired from the coronal plane using a spin-echo sequence with a 500 µm thick slice and a 28 mm field of view using a 256 × 256 imaging matrix. The repetition time T r was 500 ms and the echo time T e was 35 ms. Two signal averages were used.
Figures 9(a) and 9(b) show MR images obtained in the transverse plane of a planar coil (i.e. half a Helmholtz coil) and a complete Helmholtz coil, respectively. In each case, the rectangular Spenco block shows up as a bright bar. Although the images are somewhat featureless, it should be remembered that the Spenco sample is very small, compared with a normal MR object. These experiments demonstrate imaging of the embedded proton source, and verify the possibility of fiducial marking. Figure 9 (c) shows a MR spectrum for Spenco obtained from the Helmholtz coil. The data are presented as the variation of the signal with the fractional frequency deviation, and the spectrum consists of a large, narrow peak with two clearly resolved side peaks. The SNR may be estimated from the peak signal divided by the RMS value of the noise in the absence of signal, as ≈85. This value is very promising, and compares well with other microcoil results (e.g. a SNR of 42 with 4 averages in [30] ).
Conclusions
A miniature rectangular Helmholtz coil has been developed for use in magnetic resonance imaging. The Helmholtz arrangement is achieved by using a pair of etched silicon substrates separated by spherical conducting spacers that act to locate the substrates and connect the coil windings. The assembly is entirely self-aligning. An optimal geometry has been developed using simple theory and verified by numerical analysis, and good performance is predicted, despite the use of a lossy substrate. Prototype devices have been fabricated using anisotropic etching to form a sample trough and alignment features and conductors fabricated by electroplating. Helmholtz coils containing an internal proton source have been assembled by compression bonding. Q factors of up to 11 have been obtained at 63.5 MHz, and MR imaging and spectrscopy (with an SNR of ≈85) have both been successfully demonstrated using a 1.5 T system. These results demonstrate that components formed on Si substrates can be used for MR applications. Their performance is some way below the best wirewound devices, which can have Q factors as high as 50. However, since these must be wound by hand, the potential for mass manufacture is a real advantage. Further development is needed in several directions, most notably to adapt the present design so that tissue can be loaded easily into the coil assembly for other spectroscopic applications. Biocompatibility and the provision of protective coating also remain as outstanding issues.
